Steel furnace slag (SFS) and coal wash (CW) are two common by-products from the coal-mining and steel industries in Australia. Rubber crumbs (RC) is a material derived from waste tires contributing to environmental problems in most developed countries. Reusing and recycling these waste materials is not only economically beneficial and environmentally sustainable, but it also helps to address geotechnical problems such as track degradation. In this study, SFS, CW, and RC are blended to explore the feasibility of obtaining an energy-absorbing capping layer with properties similar or superior to conventional subballast. Comprehensive laboratory investigations have been carried out to study the geotechnical properties of SFS + CW + RC mixtures, from which seven parameters (including gradation, permeability, peak friction angle, breakage index, swell pressure, strain energy density, and axial strain under cyclic loading) were used to evaluate the properties of these mixtures used as subballast. It was found that a mixture with SFS∶CW = 7∶3 and 10% RC (63% SFS, 27% CW, and 10% RC) is the best mixture for subballast. 
Abstract: Steel furnace slag (SFS) and coal wash (CW) are two common by-products from 37 coal mining and steel industries in Australia. Rubber crumbs (RC) is a material derived from 38 waste tyres contributing to environmental problems in most developed countries. Reusing and 39 recycling these waste materials is not only economically beneficial and environmentally 40 sustainable, but it also helps to address geotechnical problems such as track degradation. In 41 this study, SFS, CW, and RC are blended to explore the feasibility of obtaining an energy 42 absorbing capping layer with properties similar or superior to conventional subballast.
43
Comprehensive laboratory investigations have been carried out to study the geotechnical 44 properties of SFS+CW+RC mixtures, from which seven parameters (including gradation, 45 permeability, peak friction angle, breakage index, swell pressure, strain energy density, and 46 axial strain under cyclic loading) were used to evaluate the properties of these mixtures used
47

Introduction
53
CW and SFS are granular by-products of the coal mining and steel industries, respectively.
54
CW is produced during the coal washing process to separate coal from its impurities using 55 physical and chemical methods, whereas SFS is produced while converting iron to steel in a 56 basic oxygen furnace (BOF). The production of these wastes in Australia alone can be several 57 hundreds of millions of tonnes per year (Leventhal and de Ambrosis, 1985) . While, the reuse 58 of these granular waste by-products has substantial advantages from an economical and The application of scrap tyres in civil works includes soil reinforcement in road construction, 74 ground erosion control, vibration isolation, non-structural sound barrier fills, slope 
81
Although past studies have proposed viable and cost-effective alternative solutions using 82 these waste materials (coal wash, steel furnace slag, and scrap tyres) in construction projects 83 either individually, blended or mixed with soil, no past study has quantified the behaviour of 84 the mixture of these three waste materials. Further, while the behaviour of selected blends of
85
CW and SFS has proven to conform to the performance criteria adopted for Port reclamation
86
(Tasalotti et al., 2015), it was limited to monotonic loading conditions. Under cyclic loads 87 such as those encountered in a track substructure, the incidence of CW particles breakage is 88 likely to be exacerbated. The addition of rubber crumbs to the mixtures can promote 89 enhanced strain energy absorption while simultaneously increasing the overall permeability, 90 reducing particle breakage and controlling the expansion of the blended mix.
91
This study has attempted to develop an energy absorption mixture using coal wash, steel 92 surface slag, and rubber crumbs as subballast in a railway system in a way that is 93 economically and environmentally friendly, while also minimizing track degradation and the 94 need for freshly quarried natural aggregates.
95
Parameters Used to Evaluate the Waste Mixtures
96
The main functions of the subballast layer are filtration, drainage, and controlled stress 97 distribution reaching the soft subgrade soil. While a suitable gradation prevents the upward 98 migration of fine particles from subgrade to the ballast layer, a relatively high permeability 99 sustains effective drainage of the substructure. Further, the subballast also requires adequate stiffness to control load distribution to the subgrade. For selecting the SFS+CW+RC mixtures 101 used as a suitable subballast layer material, the three functional parameters i.e. gradation, 102 permeability coefficient, as well as the peak friction angle should be considered firstly (Table   103 1). The required range of parameters was set to ensure the optimum composition of 104 SFS+CW+RC mixtures having mechanical properties similar to or superior to traditional 105 subballast materials.
106
The adverse individual geotechnical properties of the three granular wastes, i.e. breakage, 
115
The addition of rubber crumbs enhances the potential for the waste mixtures to absorb strain 116 energy from external loads, thus contributing to a reduction in ballast degradation and the 117 stresses transmitted to the subgrade. The strain energy density adopted to evaluate the energy-118 absorbing capacity is another parameter considered when optimizing the waste mixtures 119 (Table 1) .
120
In order to obtain the above parameters, comprehensive and detailed laboratory investigations 
Laboratory Testing Program
126
Materials
127
The source materials selected were a Dendrobium coal wash produced by Illawarra Coal and and SFS determined by X-ray diffraction analysis provided by the ASMS and the BHP
135
Illawarra Coal is shown in Table 2 .
136
RC was from waste tyres and in this study three different size (0-2.3mm, 0.3-3mm, and 1-7 137 mm) rubber crumbs were used. The traditional subballast material (crushed rock) was 
161
To achieve the target PSD, the waste materials were sieved and separated into different with the optimum moisture content and compacted to achieve the initial dry unit weight equal 167 to 95% of their γ ୢ୫ୟ୶ to simulate subballast behaviour under typical placement conditions.
168
The specimens for monotonic and cyclic triaxial tests are 50 mm in diameter and 100 mm in 169 height. The maximum particle size of the materials is around 7 mm, thus the ratio of 170 specimen diameter (50 mm) to the maximum particle size is around 7.1. Previous studies have shown that the equipment boundary size effects can be neglected when this ratio The stress-controlled drained cyclic triaxial tests were carried out to investigate the axial 
In the above, CSR is the cyclic stress ratio; is the average single amplitude cyclic axial 207 stress; and ′ is the effective confining pressure.
208
The swell pressure of the selected blends was evaluated through constant volume tests using
209
CBR moulds and a hot water bath at temperature of 40℃ (as rubber materials melt around 
Results and Discussion
216
Index properties 217 The basic geotechnical properties (specific gravity G ୱ , maximum dry density γ ୢ୫ୟ୶ , optimum 218 moisture content (OMC), and permeability coefficient ݇) of SFS, CW, RC, their mixtures,
219
and crushed rock are shown in Table 3 . Of these three waste materials, SFS is the densest 
227
The permeability coefficients for the SFS+CW+RC mixtures were evaluated by constant observed that the peak deviator stress decreases as the amount of RC increases (Fig. 3a) , and 240 increases as the dosage of SFS:CW increases (Fig. 3b) . This is not surprising considering that rubber has very low shear strength comparatively to SFS and CW materials, and SFS has 
Peak friction angle
255
The friction angle of the waste mixtures determined considering the peak deviator stress
256
(∅′ ) is shown in Fig. 4 (a) and Table 4 . As with the peak stress, the peak friction angle 257 decreases as the amount of RC increases, and it increases as the ratio of SFS:CW increases. It 258 is noteworthy that for the ratios of SFS:CW smaller than 5:5, the addition of RC exceeding
259
10% results in ∅′ being smaller than those typically adopted for traditional subballast
260
(e.g. crushed rock, ∅′ = 49°). In contrast, the waste mixtures having ratios of SFS:CW≥ 261 7: 3, and RC ≤ 20% exhibit a higher shear strength than conventional subballast (Fig. 4a) .
262
Particle breakage
263
Particle breakage should be evaluated to quantify the level of degradation that a granular summary of results is shown in Fig. 4 (b) , while the experimental data is listed in Table 4 . As 270 expected, the addition of rubber crumbs significantly reduced particle breakage in the waste 271 mixtures. This suggests that loads can be buffered as the rubber crumbs deform (i.e. strain 272 energy absorption), which then reduces breakage of CW and SFS. Moreover, when the ratio 273 of SFS:CW increases, particle breakage also decreases due to the smaller content of CW.
274
The breakage index (BI) of conventional subballast (crushed rock) measured was 2%, as also 275 noted in Fig. 4 (b) . If a similar performance to that of conventional subballast is to be 276 achieved, it seems that blends having ratios of SFS:CW≥7:3 and 10% RC will be sufficient 277 to ensure particle breakage within acceptable limits (Fig. 4b ).
278
Energy absorption
279
The strain energy density is the parameter usually adopted for evaluating the energy absorbed 280 in shearing tests, and it can be computed considering the area under the shear stress-strain 281 curve up to failure (Fig. 4c) , as represented by Eq. 2
where ‫ܧ‬ is the strain energy density (kPa), ߛ is the shear strain (dimensionless) up to failure,
283
and ߬ is the shear strength (kPa).
284
The strain energy density up to the failure of various waste mixtures computed based on the 285 triaxial drained shearing results is plotted in Fig. 4 (c) . When the same RC content was 286 maintained, increasing the rate of SFS:CW only generated little increase of the strain energy density. However, there is a substantial increase in strain energy density as the RC content 288 increases indicating the high ductility of rubber crumbs. Interestingly, the strain energy 289 density of the waste mixtures without rubber crumbs is similar to traditional subballast, which 290 confirms that it is the addition of RC to the waste mix that enhanced its energy absorbing 291 capacity (Fig. 4c) , although once 10% of RC is exceeded the increase is marginal. This is 292 likely related to the decrease in shear strength (e.g. Fig. 4a ) and decrease in particle breakage
293
(e.g. Fig. 4b ). On this basis, it seems that 10% RC is sufficient for the mixture to serve as an 294 energy absorbing layer while tolerating an acceptable reduction in shear strength. (Fig. 5a) . Similarly, the addition of RC while maintaining with loading cycles. Almost 90% axial strain of the all the specimens is achieved in the first 310 500 cycles; axial displacement increases marginally in the subsequent cycles and becomes relatively stable after 50000 cycles. It was noted that with the increasing amount of RC, the 312 axial strain of the SFS+CW+RC mixtures increased but at a decreasing rate (Fig. 7) and 10% RC, the associated lateral tensile strain is less than 0.002 (0.2 %), which is very 318 small to be of concern. Also, no test specimens have indicated any cracking during triaxial 319 compression which confirms that the occurrence of adverse tensile strains is not a concern.
320
The average axial strain of conventional subballast is in the proximity of 0.02 (Teixeira et al., should not exceed about 18%.
323
Identifying the optimum SFS+CW+RC Mixture
324
In the test program, all the waste mixtures were suitably graded because they have the same 325 gradation as conventional subballast. Moreover, the permeability, energy-absorbing capacity 326 and particle breakage characteristics of all the waste mixtures with RC ≥ 10 % and 327 SFS:CW≥5:5 satisfy the required range in Table 1 . However, having a greater proportion 328 SFS induces increased swelling, and greater the CW content, the lower the shear strength, i.e. applied to the capping layer, the waste mixtures should satisfy ∅′ ≥ 49°, and ܲ ௦௪ < 338 30݇ܲܽ (shaded region in Fig. 8 ), thus the ratio of SFS:CW = 7:3 could be selected as an 339 optimum ratio.
340
The permeability ݇ and energy absorption property of all the mixtures with SFS:CW=7:3 341 satisfied the required range in Table 1 . Fig. 9 shows that only mixtures with RC from 8~18.5% drained consolidated monotonic and cyclic triaxial tests, swell pressure tests and sieving tests.
364
It was found as the amount of RC was increased in the waste mixtures, the permeability 365 coefficient increased, particle breakage decreased, extent of energy absorbed increased, and 366 the swell pressure decreased. However, the addition of RC should have an upper limit,
367
because a higher RC content also results in reduced shear strength and greater axial 368 displacement.
369
The ratio of SFS:CW governs the swell pressure and shear strength of the waste mixtures.
370
The increasing ratios of SFS:CW enhance the shear strength, but also induce higher swell 371 pressure.
372
In order to identify a suitable SFS+CW+RC mixture for subballast, the required range of the 373 seven parameters (including gradation, permeability, peak friction angle, breakage index, optimal RC content (10%) was proposed based on the shear strength, particle breakage, swell 378 pressure, and the axial strain subjected to cyclic loading. Finally, the optimum mixture to 379 replace conventional subballast was established as SFS63+CW27+RC10 (63% SFS, 27% Table 1 Parameters the required range used to evaluate SFS+CW+RC mixtures for subballast 531 The mixtures are expressed as SFS+CW+RC, and the numbers after SFS, CW, and RC are 549 the percentages of steel furnace slag, coal wash, and rubber crumbs by weight. 
550
